During the summer of 1973 an outbreak of peripheral neuropathy developed among a large group of employees of a fabric manufacturing plant in Ohio, USA (Billmaier et al. 1974 ). The disease was characterized by distal weakness and sensory loss symmetrically in both the hands and the feet (Allen et al. 1975) . The most severely affected individuals worked in the printing department where colouring inks, dissolved in volatile solvents, were applied to the surfaces of plastic coated fabrics. For several years the printing process required the use of a 9: 1 solvent mixture containing methylethylketone (MEK) and methylisobutylketone (MIBK). Methyl-n-butylketone (MBK) was gradually introduced in the summer of 1972 to replace the MIBK. Methyl-n-butylketone was in its maximal use by December 1972 and the first case of peripheral neuropathy occurred shortly thereafter. The recent introduction of MBK into the printing department of the plant, coupled with other isolated outbreaks of neuropathy in individuals chronically exposed to MBK, suggested that this compound had neurotoxic properties. MBK produced peripheral neuropathy in several species of experimental animal (Duckett et al. 1974 , Mendell et al. 1974 , Spencer, Schaumburg, Raleigh & Terhaar 1975 . These studies demonstrated that prolonged intoxication by inhalation or subcutaneous injection caused the insidious development of symmetrical weakness first in the hindlimbs and later in the forelimbs. The first signs ofperipheral neuropathy developed after 4 to 12 weeks of continuous inhalation of 200-600 parts/106 of MBK, and after 12 to 16 weeks of intermittent inhalation of 1300 parts/106 of MBK. The onset of MBK neuropathy was associated with a reduction in the sciatic nerve conduction velocity (Mendell et al. 1974) , an indication of nerve damage also found in rats and monkeys inhaling 1000 or 100 parts/106 MBK intermittently for periods of 3 and 8 months respectively (Johnson 1975), the figure of 100 parts/106 being the recommended Threshold Limit Value in the United States. Recent studies have suggested that concurrent exposure to MEK and MBK will produce neuropathy more rapidly than in animals exposed to MBK alone (Saida et al. 1976 ). Methylethylketone alone or MBK alone produce no neurotoxic effects (Spencer & Schaumburg 1976) .
The purpose of the present paper is to emphasize the importance of chronic testing of potentially neurotoxic compounds in experimental animals, to describe the range of hexacarbon compounds which have been identified as neurotoxic agents and, finally, to characterize and illustrate the pathological basis for the onset of the nervous system disease. A total of seven hexacarbon compounds have been tested in this study (Table 1) . Table I Hexacarbon compounds tested (1) n-hexane CH3CH2CH2CH2CH2CH3 (2) methyl-n-butylketone CH3COCH2CH2CH2CH3 (3) 2,5-hexanedione CH3COCH2CH2COCH3 (4) 2,5-hexanediol CH3CHOH(CH2)2CHOHCH3 (5) 2,4-hexanedione CH3COCH2COCH2CH3 (6) 2,3-hexanedione CH3COCOCH2CH2CH3 (7) 1,6-hexanediol HOCH2CH2CH2CH2CH2CH20H
The first compound, n-hexane, an important solvent and a minor component ofpetrol, was indicted in several reports as a possible neurotoxic agent (Herskowitz et al. 1971 , Korobkin et al. 1975 . Rats were exposed continuously to atmospheric levels of 400 to 600 parts/106 of n-hexane for up to five months, 500 parts/ 106 being the US Threshold Limit Value for n-hexane (see also Schaumburg & Spencer 1976) . The second compound, methyl-nbutylketone, the solvent implicated in the outbreak of neuropathy, was administered to cats by subcutaneous injection of 150 mg/kg twice daily for periods up to six months (see also Spencer & Schaumburg 1976) . The third compound, 2,5-hexanedione, an intermediate in the synthesis of perfume ingredients, a tanning agent and a gasoline additive, and the remaining four compounds, 2,5-hexanediol, 2,4-hexanedione, 2,3-hexanedione and 1,6-hexanediol, were administered to rats in their drinking water as 0.5 % solutions ad libitum for periods up to three months.
Four of the compounds proved to be neurotoxic (Table 1) . The neurotoxic compounds each produced an identical type of slowly-developing, symmetrical peripheral neuropathy analogous to that seen in workers exposed to MBK. Animals first developed a waddling gait after several weeks of exposure, later were unable to extend their hindlimbs and eventually developed profound hindlimb weakness with footdrop. Severely affected animals also displayed weakness of the upper extremities.
All four neurotoxic compounds produced a uniform sequence and pattern of nerve fibre pathology, the degree of which was in direct proportion both to the level and duration of the intoxication. Nerve fibre degeneration was distributed widely in the nervous system. In the peripheral nervous system, nerve fibre degeneration was located in the distal regions of motor and sensory fibres located in the hindlimbs and to a lesser extent in the forelimbs. The distribution of peripheral nerve fibre pathology was studied in the rat by sampling branches of the sciatic/tibial/plantar nerve complex in the hindfeet. One of the most vulnerable parts of the peripheral nervous system appeared to be the tibial nerve branches supplying the calf muscles. Nerve fibres in these branches commenced degeneration before much longer fibres supplying muscles and sensory structures in the feet. With time, degeneration slowly ascended the affected nerve tracts and gradually involved more proximal parts of the sciatic nerve. Changes were also found in the spinal cord, medulla oblongata and cerebellum, and were contemporaneous with the commencement of peripheral nerve fibre degeneration. At these sites, nerve fibre degeneration began in the distal regions of long, ascending and descending spinal cord tracts and, with time, gradually moved along the affected nerve fibre pathways.
The pattern of peripheral and central nerve fibre degeneration was distinctive and was characterized by the early development within the distal portions of affected fibres of multifocal swellings of the axons (Figs 1, 2) . The axonal swellings were also associated with localized changes in the myelin sheath apparently caused by slippage away from swollen regions of the axon. Affected portions of fibres underwent a complex series of pathological changes described elsewhere (Spencer & Schaumburg 1977a,b) which culminated in complete breakdown.
In summary, the present study revealed that animals chronically intoxicated with these neurotoxic hexacarbons slowly developed a peripheral neuropathy and displayed concurrent distal nerve fibre degeneration in the peripheral nervous system, and in ascending and descending spinal cord tracts of the central nervous system. The distribution and spatial-temporal evolution of this nervous system damage indicates that these compounds produce a primary axonal degeneration which first affects the distal regions of vulnerable nerve tracts and later progresses proximally. This type of peripheral and central nerve fibre degeneration, designated central-peripheral distal axonopathy, only develops after prolonged exposure to these compounds and cannot be reproduced using the acute and subacute exposure protocols usually adopted for the assessment of solvent toxicity.
The causation of nerve damage produced by the neurotoxic hexacarbons is totally unknown, but metabolic studies conducted by DiVincenzo et al. (1976) have provided some pointers. These investigators have suggested that methyl-n-butylketone is metabolized in vivo either to 2-hexanol and then to 2,5-hexanediol, or to 5-hydroxy-2-hexanone and then to 2,5-hexanedione. The studies reported here demonstrate that n-hexane, MBK, 2,5-hexanediol and 2,5-hexanedione are all neurotoxic agents. 2,5-hexanedione is of special interest since DiVincenzo and coworkers have demonstrated that this is the principal persistent metabolite of MBK. Furthermore, 2,5-hexanedione is able to exert its neurotoxic effect in vitro, presumably without further metabolism (Spencer, Peterson & Schaumburg 1975 , Spencer, Schaumburg, Raleigh & Terhaar 1975 . It seems likely, therefore, that 2,5-hexanedione is the primary neurotoxin of the neurotoxic hexacarbons. Whether the neurotoxic property of this compound is related to the symmetry of the molecule or to the delta spacing of the carbonyl groups, and where the substance acts in the nervous system, are subjects of current investigation in our laboratory.
